ABSTRACT Separation has been a historic problem in digital light process 3D printing, which limits the capability of printing large areas. Over the years, methods for reducing separation force and improving printing quality have primarily relied on changing separation mechanisms and a constrained surface. Most methods require a pulling-up process; however, a few methods can provide the desired lifting distance by themselves. In our previous work, an in-house design named ''spring-assisted mechanism'' using the combination of spring with a tilting mechanism was proposed to adapt to different required separation forces. The spring compression can be used to provide an additional force for separation, which results in a shorter lifting distance when encountering different print areas. In this paper, we aim to investigate the separation performance by comparing the proposed mechanism with a conventional tilting mechanism. The Taguchi method is applied to study the importance of design features of the spring-assisted mechanism. The results indicate that the maximum separation force occurring in the spring-assisted mechanism declines significantly to 89%. An additional benefit of the proposed mechanism is that the lifting distance required for separation can be adjusted automatically to different print areas, and a sufficient separation force is very low. Consequently, this paper provides experimental evidence that the spring-assisted mechanism can be used for large-scale printing.
I. INTRODUCTION
Additive manufacturing, which is often referred to as ''3D printing,'' can be used to fabricate complex structures and overcome the limitations of conventional machining [1] . Currently, 3D printers are designed to fit in compact spaces and for large-scale printing with a fine texture. The current trend of applications has switched from creating prototypes to manufacturing final products. Among various printing methods, digital light process (DLP) printing is famous for its high resolution, smooth surface texture, simple implementation, and low cost. Hence, DLP printing has been applied in many fields, such as engineering, design, medicine, and jewelry.
The concept of DLP printing is called ''stereolithography,'' which allows ultraviolet (UV) sensitive resins to be cured by specific spectra. Two types of stereolithography exist
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according to the light source used: scanning stereolithography apparatus (SLA), which uses laser spots, and projectionbased stereolithography apparatus (PSLA), which is often called DLP printing. PSLA can be used to process large areas simultaneously with optical lights.
The process of stereolithography combines a series of actions, including exposure, cure, and accumulation. Between cure and accumulation actions, a cured layer is stuck and sandwiched between the previous layer and a constrained surface, causing a strong bond. To obtain space for printing the next layer, an external force is required to separate that bond, which often causes the failure and damage of the printed object. A strong external force is associated with a high risk of damage to the machine itself. Separation has been addressed as a historic problem in DLP printing [2] .
Studies have indicated that methods used to reduce the separation force also enhance the printing process [3] . Various approaches exist for reducing the separation force, including pulling-up, tilting, sliding, coating the constrained surface, and changing the material. Table 1 presents an in-house survey of five widely used commercial products in the market. 
A. SEPARATION MECHANISMS
Most industrial machines use the pulling-up separation method [9] . In Fig. 1(a) , a pull force (F p ) is generated by lifting up the object plate to the selective distance. Therefore, the constrained surface on a totally fixed resin tank generates a resultant force (F r ) to break the adhesion. Fig. 1 (b) illustrates a tilting mechanism in which a resin tank is fixed on a single side as a pivot and the object plate is lifted up to the selective distance. This arrangement provides the resin tank freedom to move upward; meanwhile, a peeling effect is generated after meeting a tilting limitation [10] .
Other implementations that use mechanisms to assist in detachment from the constrained surface are available. Pan et al. proposed a two-step workflow of separation [ Fig. 1(c) ], where the sliding action is performed horizontally and the pulling-up action is performed vertically [11] , [12] . Wang et al. proposed a pumping mechanism in which an empty area is prepared under the constrained surface to allow water or air to be injected. During the separation process, water is pumped into the empty area to raise the cured object and a peeling mechanism is performed [13] . Jin et al. introduced a design with springs and motors to provide a series of vibrations during the separation process. The design can potentially reduce the normal force but may damage small or weak areas [14] . Most mechanisms proposed in the literature rely on a pulling-up process; however, information regarding the desired distance of lifting is lacking. An unknown and variable distance of lifting often causes issues such as a long spare time. Furthermore, determining whether a lifting distance is sufficient is difficult. In our previous work, Lin and Yang proposed a spring assisting mechanism by applying an additional adjusting force on a tilting mechanism. The configuration of their mechanism is illustrated in Fig. 1(d) . The concept is proposed to accelerate the separation and to adjust the lifting distance when encountering different print areas [15] .
B. CONSTRAINED SURFACE
The constrained surface also plays an important role in separation for a sandwiched phenomenon. Common approaches involve using transparent glasses, fluorinated ethylene propylene (FEP), polydimethylsiloxane (PDMS), or hybrids as the bottom of the resin tank. Most industrial machines use an FEP membrane because this material can reduce normal forces that induce stress during the lifting process. A study compared the manufacturing rate when using an FEP membrane and glass as the bottom of the resin tank. The result indicated that the resin tank with an FEP membrane could efficiently improve the ratio of failed printing [3] .
Some resin tanks are covered with PDMS to prevent the sticking of a cured layer onto the tank [16] , [17] . PDMS can be engraved with radial microgroove patterns. Textured design can reduce the separation force to approximately 40% of the value obtained with a conventional smooth surface. Although such a design has the potential to reduce the separation force, it may also cause small dents on the surface due to incomplete curing [18] . Gritsenko et al. used theoretical modeling to study how a groove engraved on the contact constrained surface affects separation. Radial microgroove patterns on a PDMS pad allow rapid liquid filling and enable the reduction of the separation force. Factors studied by Gritsenko et al. were the groove shape, groove depth, and number of grooves. Their results suggest that a high volume of liquid flow reduces the separation force [19] .
C. SEPARATION PREDICTION
The required separation force varies according to the print area. A large separation force is required for detachment from a large print area. The lifting distance required for the separation point is not always constant. A common method involves using a selective distance longer than the desired distance. However, this method is inefficient and sometimes does not provide sufficient force. To reduce the ratio of failed printing, the separation force required should be quantified.
Kovalenko et al. studied the linear relationship between the required separation force and printing area and concluded that the layer thickness affected the gradient of linearity [20] . Ye et al. conducted an experiment to investigate the effects of lifting velocities and simulated the separation force profile by using a cohesive zone model. From the perspective of energy VOLUME 7, 2019 and work, the absorbed energy should be proportional to the required separation force [21] . The prediction method of Ye et al. can be used for adjusting parameters before printing. However, printers are not usually provided a function of self-adjusting in the separation.
This study aims to compare the separation performance of the spring assisting mechanism with that of the normal tilting mechanism. This article includes a summary of the related work, followed by a detailed description of the experimental setup in Section II. This study has two major objectives. The first objective is to compare the separation performance of the conventional tilting mechanism and spring assisting mechanism. The second objective is to determine features that influence separation. Section III presents the results, and Section IV provides a discussion of the results. The results indicate that the spring assisting mechanism can successfully reduce the required separation forces and accelerate the separation time. Therefore, the spring assisting mechanism can be used to alter the required lifting distance. The conclusions, contributions, and future scope of this study are provided in Section V. 
II. METHODOLOGY
To investigate the separation performance of the spring assisting mechanism, experiments were conducted using a Titan2 commercialized DLP printer (Kudo 3D Inc.) [7] . The concept of the spring assisting mechanism involves adding a spring to induce a compression effect, as displayed in Fig. 2 . Moreover, the printer includes the following main components: a projector, an object plate, a linear stage, and a resin tank. The linear stage has a resolution of approximately 5 µm for movement along the z-axis. The projector is placed underneath the resin tank and begins to screen a sliced pattern when the printing process starts.
Before the printing process begins, a 3D object is sliced into a stack of 2D patterns. When exposed to light, the resin is cured and becomes solid. Each sliced pattern is accumulated layer-by-layer with the exposure process to obtain a 3D object. In our experiments, the applied material is an acrylonitrile butadiene styrene (ABS)-like resin provided by 3DM [22] . The thickness of each layer is 50 µm. The constrained surface is a PDMS film covered with an FEP membrane. 
A. SEPARATION PROFILE
The entire printing process is actuated by a linear stage. The exposure period is 20 seconds, with a waiting interval of 4 seconds. The selective lifting distance is 7 mm, with a constant speed of 15 mm/min. The linear stage is initially placed very close to the resin tank with a small gap of 50 µm. After the exposure process, the stage is moved upward to the selective distance, which enables cured parts to detach from the constrained surface and return to the position of the next layer (known as the separation process). A typical diagram of the force profile is depicted in Fig. 3 . In the period from A to B, the resin is exposed to light. The light source is shut off at point B, and the stage is ready to move. The stage begins to move upward during the period from B to C which is referred to the lifting distance. When separation occurs, the maximum separation force is found at point D. Therefore, the required distance for separation is from B to D. The separation time is denoted as t. The stage returns to the position of the next printing layer, which is indicated as point E. A waiting interval usually exists before the next layer is printed.
B. SPRING ASSISTING MECHANISM
According to the physical model and experimental results proposed by Wu et al. [9] , the success of separation is highly associated with the forces between the pull force (F p ) and the resultant force (F r ) in the z-axis direction, which is shown in Fig. 1 . When the lifting speed of the platform is fixed, the lifting motion of the resin tank will be restrained in the pulling-up mechanism, thus causing a larger resultant force (F r ) than the titling mechanism in separation, resulting in a higher probability of printing failure. Meanwhile, the tilting mechanism reduces the resultant force (F r ) by the free movement of the resin tank; nonetheless, it prolongs the separation time and causes problems in printing large areas (as shown in Fig. 4 ). To reduce the separation force and separation time, we propose a spring-assisted mechanism. This mechanism assists in separation by the physical properties of the spring, thus creating an additional resultant force (F ar ). From the equation of mechanical equilibrium (1), the spring can bear a certain proportion of separation force. It exhibits the characteristics where the higher the lift distance of the resin tank, the greater is the resultant force. Therefore, the separation force and separation time originally required for the tilting mechanism will be reduced. Because this mechanism can reduce the separation force and shorten the separation time, the print quality and speed can be improved further [3] . We successfully verified the feasibility of the spring-assisted mechanism, as shown in Fig. 5 .
This study has two major objectives. The first objective is to investigate the separation performance of the spring assisting device. The spring assisting device is designed in-house by using springs and installed on one side of the resin tank. The other side is fixed as the pivot. Force measurements during printing processes are conducted using an LC-201 load cell provided by OMEGA Engineering R [23] . Data are acquired using a DAQ card USB-6002 (National Instruments [24] ) and logged with the LabVIEW program. The load cell and force transducer are calibrated using weights. The voltageweight transformed result is illustrated in Fig. 6 . 
D. COMPARISON BETWEEN THE PERFORMANCE OF THE TILTING AND SPRING ASSISTING MECHANISMS
Information regarding the maximum separation force and separation time can be extracted from force profiles to be representative of the separation performance. The study of the separation performance involves comparing the effect factors of the conventional tilting and spring assisting mechanisms ( Table 2) . We use three springs, which are noted as A, B, and C. The studied parameters are as follows: the stiffness (k), free length (L 0 ), and loaded length (L n ) of the springs; print areas; and print patterns (triangle, square, pentagon, hexagon, circle, and donut).
E. TAGUCHI METHOD ON FACTOR IMPORTANCE
The second objective of this study is to investigate the influence of the working parameters on the spring assisting mechanism by using the Taguchi method. The Taguchi method has often been used to reduce the number of experiments. This method assists in determining the significance of effect of different factors. The experimental matrix is referred to as an orthogonal array L 8 (27) ( Table 3) . Experiments designed according to the Taguchi method are used to study the effect of four factors, namely the stiffness (k), free length (L 0 ), and loaded length (L n ) of the springs and the torque distance (L t ), on two important output parameters, namely the separation force and separation time. Lt is the required distance for generating a torque from the pivot to the load cell. Each factor has two levels and is repeated three times to reduce experiment errors (Table 4) . To avoid the dependence of factors, we filled factors only in the lines 1, 2, 4, and 7.
To select appropriate parameters and characterize effects between them, the separation performance is investigated according to the signal-to-noise ratio (SNR). The SNR characteristic for the separation force and separation time (lower the SNR, the better is the performance characteristic) is calculated using (2) and (3).
where S is the standard deviation of y, y is the observed data of the separation force or separation time,ȳ is the average of the observed data, and n is the number of experiments. The SNR can be obtained using the mean and standard deviation. Analysis of variance (ANOVA) can be applied to interpret a series of experimental results for evaluating the significance of individual parameters [25] . The sum of squares and percentage of contribution of each factor are denoted as SS j and P f , respectively, which can be calculated using (3) and (4), respectively. In (4) and (5), j is the individual parameter and the total sum of squares is the SNR minus the correction factor.
III. RESULT
This section presents several experimental designs to test the separation performance of the tilting and spring assisting mechanisms. Section III (A) presents experimental data for printing one square-shaped part with the two mechanisms. Section III (B) presents experimental data for printing parts with the same area but different shapes by using the two mechanisms. Section III (C) provides experimental data for printing square-shaped parts with different areas by using the two mechanisms. In Section III (D), the most significant parameter that minimizes the separation force of the spring assisting mechanism is evaluated through the Taguchi method and ANOVA.
A. EXPERIMENTAL DATA FOR PRINTING A SQUARE-SHAPED PART WITH THE TILTING AND SPRING ASSISTING MECHANISMS
To examine the performance of the spring assisting mechanism under different spring conditions, three experiments were conducted for different values of the spring stiffness, free length, and loaded length. In all the experiments, the two mechanism had the same printing parameters, including the size and shape of the cured part (one square-shaped layer with an area of 400 mm 2 and thickness of 0.05 mm), exposure time (20 seconds), delay time after exposure (4 seconds), rising distance of the object plate (7 mm), ascension speed of the object plate (15 mm/min), and distance between the cured part and the pivot (114 mm). In the first experiment, the springs had the same free length of 15 mm but different stiffness values (spring A: 0.3 N/mm and spring B: 0.1 N/mm) in the spring assisting mechanism. Both the springs were compressed to the same loaded length of 10 mm. The experimental data of the separation force and time for the two mechanisms are presented in Fig. 7 , Fig. 8 and Table 5 . The separation force and separation time were 3.79 N and 4.49 seconds, respectively, for the tilting mechanism; 0.22 N and 2.34 seconds, respectively, for the spring assisting mechanism with spring A; and 0.11 N and 2.49 seconds, respectively, for the spring assisting mechanism with spring B.
As presented in Table 5 , the separation force of the spring assisting mechanism was considerably lower than that of the tilting mechanism, especially for spring B (smaller stiffness than spring A), which reduced the separation force by 97%. Moreover, the separation time of the spring assisting mechanism was lower than that of the tilting mechanism, especially for spring B, which reduced the separation time by 44%. Therefore, the spring assisting mechanism effectively reduced the separation force and separation time. Selecting a spring with a small stiffness magnified the reduction.
In the second experiment, spring A was used and compressed to different loaded lengths (10 or 7 mm). The experimental data of the separation force and time for the two mechanisms are presented in Fig. 9, Fig. 10 and Table 6 .
As presented in Table 6 , the separation force of the spring assisting mechanism was considerably lower than that of the tilting mechanism, especially when the spring had a short loaded length, which reduced the separation force by 94%. Moreover, the separation time of the spring assisting mechanism was lower than that of the tilting mechanism, especially when the spring had a short loaded length, which reduced the separation force by 44%. Therefore, the spring assisting mechanism effectively reduced the separation force and time. Using a spring with a short loaded length magnified this reduction.
In the third experiment, the springs used in the spring assisting mechanism had the same stiffness of 0.3 N/mm and the same loaded length of 10 mm. However, the springs had different free lengths (spring A: 15 mm and spring C: 20 mm). The experimental data of the separation force and time for the two mechanisms are presented in Fig. 11, Fig. 12 and Table 7 .
As presented in Table 7 , the separation force of the spring assisting mechanism was considerably lower than that of the VOLUME 7, 2019 tilting mechanism. When the spring had the same loaded length, the separation force reduced by approximately 95% for a long free length. Moreover, the separation time of the spring assisting mechanism was considerably lower than that of the tilting mechanism. When the spring had the same loaded length, the separation time reduced by approximately 58% for a long free length. Therefore, the spring assisting mechanism effectively reduced the separation force and time. Using a spring with a long free length magnified this reduction.
B. EXPERIMENTAL DATA FOR PRINTING PARTS WITH THE SAME AREA BUT DIFFERENT SHAPES BY USING THE TILTING AND SPRING ASSISTING MECHANISMS
Spring A was used in the spring assisting mechanism with a loaded length of 10 mm. In all the experiments, the printing parameters for the two mechanisms were the same, including the area and the thickness of the printing layer (400 mm 2 and 0.05 mm, respectively), exposure time (20 seconds), delay time after exposure (4 seconds), rising distance of the object plate (7 mm), ascension speed of the object plate (15 mm/min), and distance between the cured part and the pivot (114 mm). Parts were printing shapes in the following shapes: triangle, square, pentagon, hexagon, circle, and donut. The experimental data of the separation force and time for the two mechanisms are illustrated in Figs. 13, 14, 15 and 16 and presented in Tables 8 and 9 .
Three phenomena can be summarized from Fig. 17 . First, the separation force of the spring assisting mechanism significantly decreased compared with that of the tilting mechanism. The largest reduction occurred when printing a circular layer (87%). Second, the separation force differed when printing different shapes by using the tilting mechanism, with a maximal difference of 37%. Third, the maximal difference in the separation force is 39% for the spring assisting mechanism. Thus, the two mechanisms exhibited variations and the numerical ranking is also different in the separation force when printing different shapes.
Three findings can be obtained from Fig. 18 . First, the separation time of the spring assisting mechanism was significantly lower than that of the tilting mechanism, except for the circular shape layer (16% increase). This indicates that a high separation time is required for a smooth border without angles or holes inside. This finding is compatible with the finding reported by Liravi et al. [26] . Second, the separation time varied for different shapes when using the tilting mechanism, with a maximal difference of 35%. Third, the maximal difference in the separation time was 45% for the spring assisting mechanism. Thus, these two mechanisms exhibited variations and the numerical ranking is also different in the separation time when printing different shapes.
C. EXPERIMENTAL DATA FOR PRINTING SQUARE-SHAPED PARTS OF DIFFERENT AREAS BY USING THE TILTING AND SPRING ASSISTING MECHANISMS
Spring A was used in the spring assisting mechanism with a loaded length of 10 mm. The cured part had different areas, including 100, 400, 900, 1600, and 2500 mm 2 . In all the experiments, the printing parameters of the two mechanisms were the same, including the shape and thickness of the printing part (square-shaped and 0.05 mm, respectively), exposure time (20 seconds), delay time after exposure (4 seconds), rising distance of the object plate (7 mm), ascension speed of the object plate (15 mm/min), and distance between the cured part and the pivot (114 mm). The experimental data for the separation force and time are illustrated in Fig. 19, Fig. 20 , Fig. 21 and Fig. 22 and presented in Tables 10 and 11 .
Two findings can be obtained from Fig. 23 . First, as the printing area increased, the separation force of the tilting mechanism increased from 1.01 to 6.72 N and that of the spring assisting mechanism increased from 0.06 N to 0.5 N. Thus, the separation force can be maintained within 1 N even if a layer with a large area is printed by the spring assisting mechanism. Second, the separation force of the tilting mechanism increased when the printing area increased. When the area increased by 25 times, the force increased by 85%. In the same situation, the spring assisting mechanism increased by 88%. Thus, the growth rate of the separation force with area was similar for the two mechanisms.
As displayed in Fig. 24 , the separation time for the spring assisting mechanism was considerably lower than that for the tilting mechanism when the printing area was less than 900 mm 2 . However, this improvement gradually declined when the printing area exceeded 900 mm 2 . For example, the improvement decreased to 2% when the printing area was 2500 mm 2 . Therefore, the separation time for the spring assisting mechanism was generally smaller than that for the tilting mechanism when printing a medium area. However, the difference in the separation time decreases when printing large areas.
D. TAGUCHI METHOD AND ANOVA
To determine parameters that most efficiently minimize the separation force generated by the spring assisting mechanism, the Taguchi method and ANOVA were used. The printing parameters were set as follows. The cured part was squareshaped with an area of 400 mm 2 and a thickness of 0.05 mm. The exposure time was 20 seconds, and the delay time after exposure was 4 seconds. The rising distance of the object plate was 7 mm, and the ascension speed of the object plate was 15 mm/min. The experimental data of the separation force and time are presented in Fig. 25, Fig. 26 and Table 12 . The average value (ȳ), standard deviation (S), and SNR were obtained after the values of the separation force were substituted into (2)-(4). The calculated SNRs were used to obtain the factor response (Table 13 and Fig. 27) . Moreover, the SNR values substituted into (4) and (5) to complete the ANOVA, as presented in Table 14 .
As presented in Table 12 , the highest SNR occurred in the eight experiment, which indicates that the smallest separation force occurred in the eighth experiment. From the factor response table, the parameters of the eight experiment are A2, B2, C2, and D2. This indicates that the separation force is small when the spring stiffness is small, spring loaded length is short, spring free length is long, or distance between the printing layer and the pivot is long.
As presented in Table 14 , the most important factor affecting the separation force of the spring assisting mechanism is the spring stiffness (55%), followed by the spring free length (23%) and experimental error (10%). This indicates that a spring with a small stiffness and long free length can enable increased reduction in the separation force. Moreover, the experimental setup and environmental control are important for reducing the variation in the separation force. Other significant factors affecting the separation force are the distance to generate a torque from the pivot to the load cell (9%) and the spring loaded length (2%). Thus, when the printed layer is far away from the pivot, the separation force decreases due to the torque principle. Furthermore, although increased compression can result in decreased separation force, the spring may deform and lose its function if the compression exceeds its solid length.
IV. DISCUSSIONS
According to the experimental results in Section III, the spring assisting mechanism has four advantages over the tilting mechanism. First, the separation time required for the spring assisting mechanism is lower than that required for the tilting mechanism. Because the rising speed of the object plate is fixed, the required lifting distance for the object plate is lower in the spring assisting mechanism than in the tilting mechanism. Thus, using the spring-assisted mechanism, the manufacturing time can be decreased, the manufacturing efficiency can be improved, and the energy consumption of the machine can be decreased.
Second, the spring assisting mechanism requires lower separation force and separation time than the tilting mechanism under the same printing conditions. Thus, the percentage of successful printing will increase based on [3] .
Moreover, the force and deformation time of the rising tank during the separation process are lower. Moreover, the force and deformation time of the rising tank during the separation process are also lower. From the viewpoint of the furniture design method, the rising tank provides increased product life under the spring assisting mechanism, which helps to reduce consumption costs.
Third, the spring assisting mechanism has a lower cost than other proposed mechanisms [11] - [14] because the cost of adding a vibrating, fluid, or x-axis displacement mechanism far exceeds the manufacturing and energy consumption costs required for a spring mechanism. Moreover, the stability of the system during use and the cost of subsequent maintenance highlight the value of the spring assisting mechanism over other mechanisms.
Fourth, the spring-assisted mechanism can follow the physical properties of Hooke's law in large-area printing such that the slope corresponding to the separation force and the area decreases gradually with an increase in area (refer to Figure 23 ). The separation force is controlled within a very small range of 1 N. In addition to being able to effectively reduce the separation force, the spring assisting mechanism has considerable potential to be introduced into a large-scale printing machine design. A successful case of printing large objects is shown in Figure 5 . The same printing conditions used in the lifting mechanism will cause quality problems (as shown in Fig. 4 ).
V. CONCLUSIONS
Systematic studies on the separation performance of and parameters affecting 3D DLP printing were presented. By using the spring assisting mechanism, the separation force and separation time of the printing process of the DLP 3D printing machine can be effectively reduced. This implied that the spring-assisted mechanism could improve the printing quality, according to He et al. [3] . Moreover, it also confirms by our experiment that spring assisting mechanism improved the problems of larger printing objects in the tilting mechanism. From our experiments in printing cured parts with different shapes and areas, we obtained the following conclusions. First, when printing parts of the same shape and area, both the separation force and separation time decreased in the spring-assisted mechanism, with the largest reduction of 97% for the separation force and 58% for the separation time. Second, when printing parts with the same area but different shapes, the spring assisting mechanism effectively reduces both the separation force (87%-94% decrease) and separation time (17%-46% decrease) for all layers except the circular layer. Third, the separation force of the spring assisting mechanism considerably decreases when printing one part with a large area. The separation force can be maintained within 1 N when printing a 100-2500-mm 2 square-shaped layer.
From the Taguchi method and ANOVA, the most important factor affecting the separation force of the spring assisting mechanism is spring stiffness, followed by the free length of the spring, location of the cured part, and loaded length of the spring. The results of this study may form a future printing guideline for using the spring assisting mechanism. In conclusion, the spring assisting mechanism is characterized by a significant reduction in the separation force when printing objects with a large area, which successfully reduces the printing failure rate. Furthermore, the mechanism reduces the separation time significantly, which may further improve the manufacturing efficiency of the machine. Finally, the spring-assisted mechanism reduced consumption costs; additionally, compared to other mechanisms used to reduce separation force, it exhibited higher stability, lower development, and lower maintenance costs. We believe that the results of this study can contribute toward overcoming the barrier of printing large-scale areas using 3D DLP printing.
